The effects of exercise on regional myocardial blood flow and function were examined in the presence and absence of 13-adrenergic receptor blockade in 10 adult conscious dogs with severe left ventricular (LV) hypertrophy induced by aortic banding in puppies, which increased the LV weight/body weight ratio by 87%. Exercise at the most intense level studied increased LV systolic (+87±8 mm Hg) and end-diastolic (+28±5 mm Hg) pressures, systolic (+85±12 g/cm2) and diastolic (+49±11 g/cm2) wall stresses, and subepicardial wall thickening (+0.18±0.05 mm) but reduced subendocardial wall thickening (-0.45±0.12 mm) and full wall thickening (-0.42±0.13 mm). This was associated with a fall in the subendocardial/subepicardial (endo/epi) blood flow ratio to 0.87±0.06 from 1.24±0.08. Subendocardial dysfunction persisted during recovery, at a time when transmural blood flow distribution returned to baseline, suggesting myocardial stunning. At the least intense level of exercise studied, the endo/epi blood flow ratio did not fall (1.27±0.14), but increases in heart rate (+73±8 beats per minute) and LV systolic (+35±8 g/cm2) and diastolic (+27±3 g/cm2) wall stresses were observed, and subendocardial wall thickening fell significantly (-0.21±0.08 mm,p<0.05). With anticipation of exercise, subendocardial wall thickening was not changed. However, subendocardial dysfunction was even evident after 10 beats, i.e., the first 3 seconds of exercise, at a time when LV pressures and stresses had not increased. After .3-adrenergic receptor blockade with propranolol, the most intense level of exercise was associated with lesser increases in systolic and diastolic LV wall stresses, heart rate, and LV dP/dt, and the endo/epi blood flow ratio was no longer reduced below unity (1.17±0.09). In addition, there were no decreases in subendocardial or full wall thickening, and myocardial stunning was no longer observed. Thus, the subendocardial hypoperfusion and depression in subendocardial wall thickening observed during exercise in dogs with LV hypertrophy was prevented by pretreatment with f3-adrenergic receptor blockade. Furthermore, the subendocardial dysfunction occurred rapidly, before alterations in LV systolic or diastolic wall stress or an alteration in the endo/epi blood flow ratio. These data suggest that subendocardial dysfunction in response to the stress of exercise 1) is one of the earliest manifestations of altered LV function of the severely hypertrophied ventricle. 2) may be a protective mechanism reducing the requirement for enhanced subendocardial perfusion, and 3) may actually be responsible in part for the reduced endo/epi blood flow ratio. 
the fall in the endo/epi blood flow ratio is the result rather than the cause of the reduced subendocardial dysfunction. These hypotheses were tested by examining two protocols. The first involved determining the sequence of changes in subendocardial dysfunction, blood flow, and global myocardial function during exercise, i.e., determining whether the onset of subendocardial mechanical dysfunction preceded or followed altered transmural blood flow distribution. The second protocol involved the use of f8-adrenergic receptor blockade to limit the increases in heart rate, LV systolic and diastolic stresses, and myocardial contractility during exercise, which should reduce the myocardial oxygen demand of the hypertrophied ventricle during exercise and alleviate the imbalance between oxygen supply and demand that occurs.
To accomplish these goals, the effects of graded treadmill exercise were examined in dogs with severe LVH instrumented for the direct and continuous measurement of global LV function as well as regional LV function and myocardial blood flow in the subendocardium and subepicardium. Exercise protocols were examined on separate days in the same dogs in the presence and absence of 8-adrenergic receptor blockade. Since it could be predicted that 8-adrenergic receptor blockade would limit increases in heart rate, LV dP/dt, and LV wall stresses during exercise, data were also analyzed during a lesser intensity of exercise in dogs with LVH, but without ,B-adrenergic receptor blockade. An intensity of exercise was selected that increased heart rate, LV dP/dt, and LV wall stresses to values achieved during maximal exercise in the dogs with LVH in the presence of p-adrenergic receptor blockade. Finally, the initial responses to exercise, i.e., the first 10 beats, were examined, since these initial responses occurred before major changes in LV stresses, heart rate, and contractility.
Materials and Methods
Development of Model
The model was developed according to techniques used in previous studies.1,3-11 Mongrel puppies of either sex at 8-10 weeks of age were anesthetized with 12.5 mg/kg sodium thiamylal, maintained with halothane anesthesia (1-2 vol %), and ventilated with a respirator (Harvard Apparatus, South Natick, Mass.). A right thoracotomy was performed through the fourth intercostal space using sterile surgical technique. The ascending aorta above the coronary arteries was isolated and dissected free of surrounding tissue. A 1-cm-wide Teflon cuff was placed around the aorta and tightened until a thrill could be palpated over the aortic arch; then the chest was closed. The Teflon band created a fixed supravalvular aortic lesion, which became relatively more stenotic as the puppies grew. The animals were followed for 1 year, at which time they were trained to run on the treadmill.
Implantation of Instrumentation
By using sterile surgical techniques, instrumentation was implanted in 10 adult aortic-banded (LVH) dogs ( Figure 1 ). The instrumentation for assessment of global and regional myocardial function has been described previously.' After induction with sodium thiamylal (12.5 mg/kg) and maintenance with halothane anesthesia (1-2 vol %), an incision was made in the fifth left intercostal space. Tygon catheters (Norton Elastic and Synthetic Division, Akron, Ohio) were implanted in the descending thoracic aorta and left atrium and in the LV through the apex. In eight of the dogs, piezoelectric ultrasonic dimension crystals were implanted on opposing anterior and posterior LV endocardial surfaces to measure LV internal diameter. This could not be accomplished in two dogs because of hemodynamic collapse, which occurred when the heart was lifted to gain access to the posterior wall. Full wall thickness was measured in all dogs by implanting piezoelectric ultrasonic dimension crystals on opposing endocardial and epicardial surfaces in the same equatorial plane as the internal diameter crystals. Endocardial crystals were placed through a stab wound in the epicardium and advanced obliquely to, but not through, the endocardium. In addition, a piezoelectric ultrasonic dimension crystal was advanced obliquely to the midwall of the myocardium between the endocardial and epicardial crystals for assessment of LV regional wall motion. Two adjacent sets of full and regional wall thickness crystals were placed in each animal. The crystals for regional wall motion were implanted in the anterior wall in seven dogs and in the posterior wall in three dogs. A solidstate miniature pressure transducer (model P7, Konigsberg Instruments, Inc., Pasadena, Calif.) was implanted into the LV through the apex for measurement of LV pressure in nine of the dogs. Again, hemodynamic instability prevented the placement of the miniature pressure transducer in one dog. The thoracotomy incision was closed in layers, and the animals were allowed to recover for 2 weeks before the study. Ten additional normal dogs were prepared similarly and studied concurrently. The animals used in this study were maintained in accordance with the guidelines, "Care 
Experimental Measurements
Statham strain-gauge manometers (model P23-XL, Spectra-Med, Inc., Oxnard, Calif.) connected to the chronically implanted catheters were calibrated with a mercury manometer and used to measure aortic, left atrial, and LV pressures. LV pressure was also measured with a solid-state miniature pressure gauge, which was calibrated in vitro with a mercury manometer and in vivo with the left atrial and LV catheters and Statham strain-gauge manometers. LV internal diameter, LV full wall thickness, and subendocardial and subepicardial wall thicknesses were measured with an ultrasonic transit-time dimension gauge.' The dimension gauge generates a voltage linearly proportional to the transit time of the ultrasonic impulses traveling at the velocity of 1.58x 106 mm/sec between the 5-MHz crystals. The frequency response of the dimension gauge is flat to 60 Hz. At constant room temperature, the thermal drift of the instrument is minimal (i.e., <0.02 mm in 6 hours). Any drift in the measurement system was eliminated during the experiment by periodic calibration accomplished by substituting impulses of known duration from a pulse generator. Analyses were performed in accordance with standard methods.14'5 The data were analyzed using an IBM computer and are reported as mean+SEM. The effects of exercise and f-adrenergic receptor blockade on global LV function, regional function, and myocardial blood flow distribution were assessed for statistical significance by Student's t test for paired comparisons. The baseline parameters and the changes from baseline were analyzed separately. Data were considered to be significantly different at a value of pc0.05. Global and regional LV function data were also analyzed as changes from control for peak exercise and recovery (8 minutes) using analysis of variance with Duncan's test for multiple comparisons (SPSS, Inc., Chicago).
Results

Pathology
The average body weight was 19±2 kg. The average LV weight was 166±18 g, and RV weight was 40±4 g. Compared with a control group studied concurrently, the LV/body weight ratio was increased by 87% in the group of dogs with LVH (p<0.05). This was associated with less of an increase in the RV/body weight ratio (31%), which was also significant (p<0.05). Effects of Matched Peak Exercise in the Absence and in the Presence of 13-Adrenergic Receptor Blockade Global LVfunction. At baseline with the dogs standing upright on the treadmill, LV systolic pressure was significantly greater (p<0.05) in the absence than in the presence of 13-adrenergic receptor blockade (251+±12 versus 222±+7 mm Hg), as was heart rate (107+4 versus 94+4 beats per minute) and LV dP/dt (3,681+332 versus 3,066 +202 mm Hg/sec). LV end-diastolic pressure, LV systolic and LV end-diastolic wall stresses, mean arterial pressure, and LV diameters were not significantly different (Table 1) .
Graded exercise induced graded increases in LV systolic and diastolic wall stresses, LV dP/dt, and heart rate Regional LVwallfunction. (Figure 4 ). During recovery, myocardial stunning was no longer observed ( Figure 3) . Myocardial blood flow. Table 3 shows the effects of matched exercise on myocardial blood flow. Baseline values of regional myocardial blood flow in the subendocardium were higher than in the subepicardium in the endo/epi ratio fell below unity to 0.87±0.06 in the LV but not in the RV, where the endo/epi ratio remained at 1.10+0.05. In the presence of f3-adrenergic receptor blockade, increases in blood flow were attenuated in both ventricles in the subendocardium and in the subepicardium at matched peak exercise. In the LV during exercise there was no longer a significant fall in the endo/epi blood flow ratio ( Figure 5) ; the value achieved (1.17±0.09) was significantly higher than that observed without ,B-adrenergic receptor blockade. Thus, ,B-adrenergic receptor blockade shifted the distribution of blood flow across the wall, preventing the decline in endo/epi blood flow ratio below unity during exercise.
Effects of Different Levels of Exercise on Regional Myocardial Blood Flow and Regional Myocardial Function
In dogs with severe LVH, subendocardial wall thickening fell (-0.21±0.08 mm, p<0.05) during low level exercise (i.e., at 4.8 km/hr, 0% grade) and fell further (by 0.45±0.12 mm) during peak exercise (Figure 3) . However, the endo/epi flow ratio was unchanged during low level exercise (1.27±0.14) and fell during peak exercise (0.87±0.06). Figure 6 shows the absolute levels of endocardial and epicardial blood flows in the LV and RV during baseline, low level, and peak exercise in dogs with severe LVH. In the LV, endocardial blood flow approximately doubled during low level exercise, from 1.39±0.24 to 2.75±0.65 ml -min1. g-1, and rose no further (2.75 ±0.40 ml min' -g-') during peak exercise. This pattern differed from that in the LV epicardial and both RV epicardial and endocardial layers. For example, LV epicardial blood flow also approximately doubled during low level exercise, from 1.09±0.11 to 2.07 ±0.28 ml . minm 1 g-', but then increased further, to 3.05±0.26 ml * min-m1 g-', during peak exercise. In the RV endocardium, blood flow again approximately doubled during low level exercise, from 0.76±0.07 to 1.39±0.12 ml * min-1 * g-', and also rose further during peak exercise, to 2.27+0.16 ml * min-m1 g-1. Thus, blood flow to the LV endocardium appeared to increase appropriately during low level exercise but then did not rise further during more severe exercise, reflecting impaired coronary reserve.
Effects of Different Levels of Exercise, but With Matched Loading Conditions, in the Presence and Absence of f8-Adrenergic Receptor Blockade
The low level of exercise was used in the absence of 3-adrenergic receptor blockade for comparison with the peak intensity of exercise in the presence of f3-adrenergic receptor blockade, since there were no major differences in heart rate, LV dP/dt, mean arterial pressure, LV systolic and diastolic pressures, and wall stresses under those two conditions. Table 4 compares the absolute values for these two conditions, whereas baseline values are included in Tables 1 and 2 . Subendocardial wall thickening fell (-0.21±0.08 mm, p<0.05) at the low level of exercise in the absence of ,3-adrenergic receptor blockade. In contrast, in the presence of f3-adrenergic receptor blockade, a decrease in subendocardial wall thickening was not observed at any level of exercise studied. These major differences in responses of subendocardial wall motion occurred in the absence of significant differences in heart rate, mean arterial pressure, LV systolic and diastolic stress, LV dP/dt, the triple product, and the endo/epi ratio (1.27±0.14 versus 1.21±0.13).
Initial Response to Exercise in the Absence of f3-Adrenergic Receptor Blockade
To examine the onset of the subendocardial dysfunction, the initial response of exercise was examined in six dogs (Table 5 ). An example of the effects of the onset of exercise on regional LV function is shown in Figure 7 .
The values obtained at 10 beats after the onset of exercise were compared with baseline levels in dogs standing on the treadmill and also with values just before exercise, i.e., during the anticipation of exercise. After 10 beats of exercise, subendocardial dysfunction was already present, whereas subepicardial wall thickening, loading conditions, and mean arterial pressure were unchanged; only heart rate and LV dP/dt were elevated significantly. Thus, subendocardial dysfunction appears to be one of 
13-Adrenergic receptor blockade reversed the exercise-induced
has also been documented during exercise in dogs with hypertrophied hearts. [1] [2] [3] [4] We have recently shown that these abnormalities in subendocardial coronary reserve during exercise in dogs with compensated LVH were associated with selective subendocardial mechanical dysfunction.' In another study in animals with heart failure superimposed on severe LVH induced by aortic banding, we have also shown that isoproterenol, a potent sympathomimetic amine, induces systolic and diastolic dysfunction in association with hypoperfusion in the subendocardial layers.16 Because isoproterenol and exercise are both known to increase myocardial oxygen consumption through activation of sympathetic mechanisms, the central hypothesis of the current investigation was that the stress of exercise resulted in an imbalance between myocardial oxygen demand and supply, which resulted in impaired subendocardial function in the hypertrophied LV, and that this imbalance would be ameliorated, potentially by limiting increases in myocardial oxygen demand with 18-adrenergic receptor blockade. Indeed, one of the major findings of the present study, was that f3-adrenergic receptor blockade with propranolol prevented the exercise-induced subendocardial myocardial mechanical dysfunction and subendocardial hypoperfusion in dogs with severe LVH. The improvement of subendocardial function during exercise was associated with significantly attenuated increases in the major determinants in myocardial oxygen consumption, i.e., heart rate, LV dP/dt, and global average LV systolic and LV end-diastolic wall stresses.
Furthermore, the persistent subendocardial wall motion abnormalities observed during recovery from exercise in the intact state, indicative of myocardial stunning, were also not observed in the presence of /-adrenergic receptor blockade.
It is generally recognized that the endo/epi blood flow ratio falls during severe exercise in severely hypertrophied ventricles.1-4 Another major finding of this study was that selective subendocardial hypoperfusion during exercise, i.e., the fall in the endo/epi ratio, was no longer observed after ,B-adrenergic receptor blockade in the dogs with LVH. These results are consistent with concepts presented by Hoffman17 and Ross,18 who have proposed that one of the major mechanisms to explain the inversion of the endo/epi ratio is an increase in myocardial oxygen consumption. The levels of heart rate and wall stress during both diastole and systole are important determinants of both subendocardial perfusion and wall motion. In fact, the attenuation of the increase in heart rate as well as the increases in global average LV systolic wall stress and LV end-diastolic stress during exercise in dogs with LVH in the presence 9 4,900±356 9 4,133+238 Endo myocardial blood flow (ml* min-1 g-1) 6 2.75±0.65 6 1.83±0.27
Epi myocardial blood flow (ml min-l1 g-1) cise in dogs with LVH without ,B-adrenergic receptor blockade was no longer associated with a fall in the endo/epi blood flow ratio during exercise. This was surprising, because neither the enhanced metabolic demands nor the relative subendocardial hypoperfusion (i.e., neither of the two most likely mechanisms of the subendocardial dysfunction) was required for subendocardial dysfunction to occur. The findings that 13-adrenergic receptor blockade improved subendocardial wall motion during exercise, even in the face of matched levels of LV systolic and diastolic stresses, heart rate, and LV dP/dt, and that these differences could not be simply attributable to relative subendocardial hypoperfusion suggest that the attenuation of myocardial oxygen demands is not the only mechanism responsible for the salutary effects of 83-adrenergic receptor blockade. In fact, it even raises the intriguing possibility that the decreased endo/epi blood flow ratio, which is frequently observed in the hypertrophied heart in response to stress,'1-2 may under certain circumstances be secondary to reduced subendocardial function rather than a cause of the subendocardial dysfunction.
To explore further the concept that the subendocardial dysfunction during exercise in dogs with LVH is independent of myocardial metabolic demand, the initial adjustments to exercise, i.e., the first 10 beats, were compared with the beats just before exercise, when the animals were anticipating exercise, as well as with the preexercise baseline values (Table 5 ). Anticipation of exercise, which involves activation of the sympathetic nervous system, increased the heart rate, LV systolic and diastolic pressures, arterial pressures, and LV dP/dt but did not affect subendocardial wall motion. However, after 10 beats of exercise, significant reductions in subendocardial wall motion were observed, even in the absence of major further changes in the determinants of myocardial 02 consumption or increases in LV end-diastolic pressure or stress. This suggests that the mechanism involves changes at the cellular level rather than simply an imbalance between myocardial 02 supply and demand, which constituted our original hypothesis.
Heart rate, an important determinant of myocardial 02 consumption, did increase with the first 10 beats of exercise, as compared with values obtained during anticipation of exercise. A prior study from this laboratory showed that in conscious chronically instrumented dogs with LVH, atrial pacing over 210 beats per minute induced systolic and diastolic dysfunction associated with hypoperfusion of the subendocardium.8 Nakano et al19 extended this observation in anesthetized dogs showing subendocardial wall motion abnormalities during atrial pacing. The current investigation differs from the other studies, not only because exercise cannot be equated to simple tachycardia but also because heart rate rose to only 170 beats per minute during the initial 10 beats of exercise, i.e., below the level at which we previously observed systolic and diastolic dysfunction with pacing.8 Furthermore, even when heart rate rose to 180 beats per minute during low level exercise, the endo/epi blood flow ratio remained normal (1.27+±0.14).
Thus, the modest increases in myocardial metabolic demands in general, and in heart rate in particular, that occurred either during the first 10 beats of exercise or even during low level exercise were insufficient to impair subendocardial perfusion as reflected by a reduced endo/epi blood flow ratio.
The failure to find an inversion in the endo/epi blood flow ratio during light exercise does not unequivocally preclude the possibility that an imbalance between 02 demand and supply could have occurred. However, on inspection of absolute blood flow levels in the subendocardium and subepicardium of both ventricles during graded exercise (Figure 6 ), it is apparent that the expected graded increases in blood flow that were observed in the RV endocardium and epicardium and in the LV epicardium were not observed selectively in the LV endocardium. Thus, blood flow did appear to rise appropriately in the LV endocardium during light exercise, but the reduced coronary reserve prevented a further increase with more severe exercise and could have induced subendocardial ischemia because of the imbalance between 02 supply and demand at the more intense levels of exercise in dogs with LVH.
Since reduced subendocardial wall thickening appears to be one of the first abnormal responses to exercise in the hypertrophied heart, interesting parallels can be drawn between responses to exercise in the presence of hypertrophy and to ischemia in the presence or absence of hypertrophy. The fall in endo/epi blood flow ratio and the fall in subendocardial function that occurs during exercise in dogs with severe LVH as well as the postexercise depressed function are also observed in response to myocardial ischemia induced by either coronary artery occlusion or by an increase in metabolic demand in the face of a critical coronary stenosis in the absence of hypertrophy. It is interesting that f8-adrenergic receptor blockade has been shown to prevent subendocardial hypoperfusion and dysfunction in the presence of ischemia,20 as was observed in the current investigation in dogs with severe LVH but with normal coronary arteries. However, there are important differences between the regional dysfunction that occurs with ischemia due to acute coronary artery occlusion and the subendocardial dysfunction observed with initiation of exercise in dogs with severe LVH. Both conditions result in a rapid reduction in subendocardial wall thickening. However, the initial response (first 10 beats) to coronary artery occlusion involves reduced systolic subendocardial wall thickening without a significant change in end-diastolic wall thickness (authors' unpublished observation). In contrast, the initiation of exercise (first 10 beats) in the presence of LVH elicits reduced subendocardial wall thickening by increasing end-diastolic wall thickness, while preserving end-systolic wall thickening (Table 5 ). This latter response suggests an impairment in relaxation of the subendocardium rather than impaired contraction. It is possible that this is a protective compensatory mechanism, since the increased subendocardial wall thickness would act to reduce subendocardial wall stress and might delay further deleterious effects due to subendocardial hypoperfusion. In this connection, the mechanisms involved in mediating impaired subendocardial function with exercise may be similar to those involved in "hibernating" or "stunned" myocardium.2122 Whereas stunned or hibernating myocardium are responses to acute and chronic ischemia, this response of reduced function during exercise appears independent of perfusion but still potentially provides protection from perma-nent damage induced by prolonged subendocardial hypoperfusion.
All of these data taken together suggest the possibility that cellular mechanisms at any juncture from the 13- before a reduction in the endo/epi blood flow ratio. By using this paradigm, it is possible to speculate that the wellrecognized reduction in the endo/epi blood flow ratio observed in response to stress in the severely hypertrophied heart does reflect relative subendocardial hypoperfusion, but this mechanism may be secondary, in part, to reduced subendocardial function.
